Many functional materials have been used in oil and gas industries. Special materials were needed for to withstand the high temperature and pressure harsh environment of oil and gas reservoir. Nanotechnologies have the potential to introduce revolutionary changes of materials used in the areas of the oil and gas industries. This paper gives an overview of the nanotechnology application for enhanced oil recovery, fracturing fluids, flow assurance, drilling, completion and specialty composite in the oil and gas industry in the last few years. Applications of nano-materials, in the form of solid composites and functional nanoparticle-fluid in these areas are reviewed. The future challenges of nanotech-based solutions for the petroleum industry are also discussed.
INTRODUCTION
Nanotechnologies have already contributed significantly to technological advances in a number of industries, including electronics, biomedical, pharmaceutical, aerospace, photography cosmetic, catalyst, coating and the energy industries. Application of nano-materials, in the form of solid composites and functional nanoparticle-fluid, brings major technological advances in these industries. Research and development of nanotechnologies in oil and gas industries are also very active in recent years (Ashrafizadeh et al., 2012) . New nanomaterials give high strength, low density and high corrosion resistance, which may give enhanced performance, reliability of the drilling and completion materials, drilling equipment, and surface facilities. The nano composite materials have better stability under high temperature and high pressure (HTHP) environment in reservoir. The application of nanoparticle has been found in enhanced oil recovery (EOR) and improved imaging of the reservoir. The nanoparticles have properties of lower interfacial tension and less adsorption. The catalytic nanoparticles effectively degrade heavy oil, lower viscosity and increase heavy oil recovery. Polymeric nanoparticles gave better water control. Laboratory studies showed that nanotechnologies can improve performance of fracturing fluids, Advances of nanotechnologies in oil and gas industries be. The nanoparticles form a self-assembled wedge-shaped film on contact with a discontinuous phase. The force is confined to the vertex of the discontinuous phases, thus displacement occurs to regain equilibrium. This wedge film acts to separate formation fluids from the formation's surface, thereby recovering more fluids than conventional additives.
Nanoparticles dispersion of silicon dioxide has been used to increase oil recovery (Hendraningrat et al., 2013) . Interfacial tensions (IFT) decreased when hydrophilic nanoparticles were introduced to brine. The IFT decreases when nanofluid concentration increases, which enhances oil recovery. Increasing hydrophilic nanoparticles will also decrease the contact angle of the aqueous phase and increase water wetness. Flow testing of Cores saturated with crude oil flow testing were compared. The test showed 10% nanoparticle dispersion can enhance oil recovery by 41-66%. The surface image from scan electronic microscope showed adsorption of nanoparticles at rock surface, which was from the discountinous phase along the substrate (Mcelfresh et al., 2012) .
The nanoparticles are usually mixed with surfactants. Nanoparticles associated with surfactants make the nanofluid can act as wetting agents, non emulsifiers, and surface tension reducers at the small contact angles, which further enhances the removal of oil, wax, polymer, and leaves the substrate water wet. Suleimanov et al. studied an aqueous solution of anionic surface-active agents with an addition of light non-ferrous metal nanoparticles (Suleimanov et al., 2011) . The nanofluid permitted a 70-90% reduction of surface tension on an oil boundary in comparison with surfaceactive agent aqueous solution and is characterized by a shift in dilution. Application of nano-suspension results in a considerably increase oil recovery.
The adsorption of surfactant molecules on the rock surface is generally reduced in the presence of nanoparticles except for some highly concentrated surfactant solutions (Zargartalebi et al., 2014) . Study on nanoparticles adsorption during transport in porous media shows that reversible-and irreversible-adsorption sites are distinct and interact with nanoparticles independently (Zhang et al., 2014) . The adsorption capacities are typically much smaller than monolayer coverage. Their values depend not only on the type of nanoparticle and porous media, but also on the operating conditions, such as injection concentration and flow rate.
Transport of nanoparticle through formation was also studied (Alaskar et al., 2012) . Spherically shaped nanoparticles of a certain size and surface charge compatible with that expected in formation rock are most likely to be transported successfully, without being trapped because of physical straining, chemical, or electrostatic effects. Tinbismuth (Sn-Bi) nanoparticles of 200 nm and smaller were transported through Berea sandstone. Larger particles were trapped at the inlet of the core, indicating that there was an optimum particle size range.
Nanoparticles also were used for heavy oil recovery. The silica nanoparticles increase performance of polymer flooding for heavy oil recovery (Maghzi et al., 2014) . The viscosity of silica nanosuspension in polymer was higher than that of polyacrylamide solution at the same salinity. Higher viscosity correlated to higher pore displacement efficiency with increase in nanoparticles concentration. The silica interacts with cations to decrease degradation of the polymer. Nanoparticles as catalysts were used for heavy oil in-situ upgrading and recovery (Hashemi et al., 2013; 2014; Hamedi et al., 2013) . Nanocatalysts portray unique catalytic and sorption properties due to their exceptionally high surface area-tovolume ratio and active surface sites. In-situ catalytic conversion or upgrading of heavy oil with the aid of multi-metallic nanocatalysts is a promising cost -effective and environmental-friendly technology for production of high quality oils that meet pipeline and refinery specifications. When nano-size metal particles are present, they catalyze the breaking of carbon-sulfur bonds within asphaltenic components. This process results in an increase of saturates and aromatics and a decrease of the asphaltene content. The additional viscosity reduction of heavy oil/bitumen was caused by significantly reducing the average molecular weight (Greff and Babadagli, 2011; . The concentration, type, and size of the nanoparticles were found to be highly critical on viscosity reduction (Shokrlu and Babadagli, 2014) .
Water control
High water production is a serious problem in the oil and gas industry, which affects the economic life of producing wells. Nanomaterials could be used for plugging and sealing water-or-gas-producing zones, such as bottom-water coning, natural fractures, gas coning, etc., thus improving oil recovery. The smaller particle size of nanoparticles generates increased surface area and interface atoms, which in turn increases the surface free energy and associated structural perturbations (Roddy et al., 2009) .
Polymer-coated nanoparticle was used for improving mobility control, altering surface wettability due to improved solubility and stability, greater stabilization of foams and emulsions, and more facile transport through porous media (ShamsiJazeyi et al., 2014) . The size of Nano polymer microspheres can be adjusted according to the formation pore throat of formation. After hydration and swelling, the microspheres would reach the designed size and have relatively high intensity. When the size of the microspheres is bigger than that of the formation pore throat or bridged blockage formed, reliable blockage can be formed. The microspheres are elastic, which can deform and move forward under certain pressure, so that fluid diversion can be realized step by step and the request of movable agent is satisfied. The microspheres can resist high temperature to 110 ˚C and high salinity to 200000 mg/L. This polymer microspheres technology has become the effective method for profile control and water plugging to serious heterogeneous and high temperature reservoirs (Tian et al., 2012) . Swelling performance, post-degraded gel viscosity, and long-term thermal resistance of nanocomposite gel is increased by several orders of magnitude compared to hydrogels with no nanomaterial (Tongwa and Bai, 2014) . Environmentally acceptable conformance sealant that incorporates nanosilica and an activator was also developed (Patil and Deshpande, 2012) . The system can effectively prevent water and gas flow in temperature up to 300 °F. An increase in pH above 7 leads to surface ionization of silica particles that exhibit charge repulsion and ultimately result in increased gelation time.
The physical shale inhibition is achieved by plugging the pores and microfractures in shale with nanoparticles and thus preventing water invasion into the shale. Permeability reduction was used as a proxy of water invasion reduction and the effectiveness of plugging of pores and microfractures in shale by the nanoparticles (Ji et al., 2012) .
NANOTECHNOLOGY FOR STIMULATION
Stimulation is widely used to enhance production in low permeability oil and gas reservoir. Fracturing fluids are used to carry proppant. Fracturing fluid is very critical to successful fracturing operation. Nanotechnologies have been used in improving the performance of polymer and viscoelastic surfactants fracturing fluid. In addition, nanotechnologies are also used in enhancing flow back of fracturing fluids.
Fracturing fluids
In order to use fracturing fluid at high temperature and low concentration, polymer fracturing fluids are usually crosslinked by metal crosslinker. The crosslinking domain of metal ion such as monoboroate anion is small (~0.2 nm). Hence, metal crosslinker is not efficient and intra-crosslinking predominates over inter-crossllinking. Functionalized nanoparticles (15 nm) as crosslinking agents have been developed to crosslink guar. Boronic acid functionalized nanolatex is shown in Figure 2 (Lafitte et al., 2012) . The nanoparticles are larger in size compared with boron molecules. Intercrosslinking would be favored over intra-crosslinking for nanoparticle functionalized boron. Hence, stronger gels at lower guar concentration can be formed. The nanoparticles crosslinker can crosslink guar at much lower polymer concentrations than conventional crosslinker. It effectively decreases the critical overlap concentration of the polymer. In addition, amount of boron nanoparticle crosslinker required to gellation is 20 times lower than that of conventional boron crosslinker. The viscosity of non crosslinked guar gel can also be increased by the addition of silica nanoparticles to mixtures of guars and surfactants due to the adsorption of the polymer on the silica particles (Fakoya et al., 2013) .
ENERGY EXPLORATION & EXPLOITATION
Viscoelastic surfactants (VES) that form rod-like micelles have been used as fracturing and frac-packing fluids. In comparison with crosslinked polymer fluid, VES fracturing fluid has less formation damage as it composed of small molecules. However, VES fluids have high fluid leakoff volumes due to the absence of wallbuilding, and undesirable viscosity reduction at high temperature for some fluid systems (Maxey et al., 2008; Al-Ghazal et al., 2013) . Nanoparticles were used for maintaining viscosity of amine oxide based VES at high temperatures and controlling the fluid loss of VES fluid without generating formation damage (Wu et al., 2013; Huang et al., 2008; Crews et al., 2008; 2012; Luo et al., 2008) . The nanoparticles associate VES micelles through chemisorption and surface charge attraction and form three dimensional network as shown in Figure 3 , Thus they can improve fluid rheology and produce a pseudo-filtercake of viscous VES fluid that significantly reduces the rate of fluid loss and improves fluid efficiency. The nanoparticles are small enough to pass through the pore throat of producing formations, thus they can flow back with the producing fluids, and no damage will be generated. Nanoparticles have significantly high surface forces, and readily attach to the surface of proppant particles during the proppant stages of fracturing treatments. When formation fines move through the nanoparticle-treated proppant bed, the surface forces of the nanoparticles capture and prevent the fines from moving to the near wellbore region .
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Advances of nanotechnologies in oil and gas industries However, the system is dependent on the type of surfactants used. Nanoparticles were not needed to stabilize viscosity at high temperature for many surfactant systems such as zwitterionic, cationic and anionic surfactants (Sullivan et al., 2007; Dahanayake et al., 2004) .
Nanoparticles were also applied in fracturing fluid cleanup. The combination of homogeneous mixture and the delayed release of enzymes packaged in polyelectrolyte complex nanoparticles showed promise for improved cleanup after hydraulic fracturing (Barati et al., 2011; 2012) .
Flowback additives
Fracturing fluids can be trapped in the fractures and lower the production rate. The more fracturing fluids flow back, more regained permeability to gas increase, which results in enhanced gas production. Soft nanoparticles, such as liquid nanoemulsions, have been found very effective as flowback additives to reduce water block in tight oil and gas stimulation. Nanoemulsion is a kinetically stable system with droplet size range from 20 to 200 nanometers.
Nanoemulsion with optimal composition can reduce surface tension and increase contact angle, which result in lower capillary pressure. The surfactants and oil from nanoemulsion adsorbed on the mineral surface as a monolayer give high contact angle at low surfactant concentration. Nanoemulsion can penetrate deeper into the formation and reduces the "phase trapping" (Pursley et al., 2004; Penny et al., 2005; Zelenev et al., 2011; Rickman and Jaripatke, 2010; Champagne et al., 2012) . Nanoemulsions with natural derived oil can be prepared by low energy emulsification process . Research shows that fluid recovery of nanoemulsion is higher than that of surfactants alone. The fluid recovery is higher with higher oil/surfactant ratio in nanoemulsions through improved evaluation methods .
NANOPARTICLE FOR DRILLING AND COMPLETION

Drilling fluids
The drilling fluid is formulated to prevent unwanted influxes of formation fluids from permeable rocks penetrated and also often to form a thin, low permeability filter cake which temporarily seals pores, other openings and formations penetrated by the bit. It is desirable to minimize the loss of the relatively expensive drilling fluid into the formation. The water or solid particles in the fluids used in drilling and completion operations tend to decrease the pore volume and effective permeability of the producible formation in the near-wellbore region. There may be at least three possible mechanisms at work. First, solid particles from the fluid may physically plug or bridge across flow paths in the porous formation. Second, when water contacts certain clay minerals in the formation, the clay typically swells, thus increasing in volume and in turn decreasing the pore volume. Third, when the fluid and the formation rock interact, the fluids may precipitate solids or semisolids that plug pore spaces. Phase transitions due to changes in pressure or temperature of fluid composition during the wellbore construction and production may lead to undesirable precipitation or formation of asphaltenes, wax, scales, etc. Drilling fluids should also not unnecessarily aggravate the tendency of drill bits, tubulars and other downhole equipment to corrode, and be formulated to stabilize the wellbore wall to keep it from swelling.
Addition of nanoparticles to drilling fluids has been particularly effective for drilling shale formation. The shale formation is usually nanodarcy in permeability. The usual drilling fluid method of depending on a filter cake to reduce fluid loss cannot be used as a filtercake may not form due to the ultra low permeability as shown in Figure 4 . The nanoparticles can shut off water movement between the formation and wellbore. The addition of nanoparticles to the drilling fluid solves the problem, as nanoparticles plug the pores of the shale and shut off water loss (Hoelscher et al., 2012; Cai et al., 2012) . The case studies showed that the flow of fluid through an Atoka shale plug could be "shut-off" by using 29% by weight of a specific nanosilica. Further studies include focusing on a complete system approach for utilizing the nanosilica, evaluating various nanosilicas to a field usable level and addressing any environmental concerns of the product usage. Testing with the new mud system using only 3% of the nanosilica showed a complete shutdown of pressure transmission through the shale sample . Wellbore strengthening can occur in shale formations using oil based mud with the addition of nanoparticles and graphite (Contreras et al., 2014) . The nanoparticles reduced pore pressure increment in near the wellbore of the shale dramatically (Akhtarmanesh and Shahrabi, 2013) .
The nanoparticle fluid has better rheology stability to enhance wellbore stability at HPHT conditions. This is due to high surface areas and a stronger interaction of nanoparticles with drilling fluid. Deep drilling poses a great challenge as the current performance of drilling fluids deteriorate due to HPHT conditions faced during extended reach drilling operations. Drilling fluids modified by clay nanoparticles have been used for the drilling of deep oil wells (Abdo and Haneef, 2013) . Nano-drilling fluids have desired properties to be substituted for oil-based muds. Water base drilling fluid with nanoparticles has great benefits. It is demonstrated that flows with nanoparticles, in particular nano titanium dioxide, have the highest amount of recovery factors. The filtrate loss of the water-based drilling fluid is reduced with the presence of metal oxide and nanomaterials, while the plastic viscosity and gel strength of the water-based drilling fluid are improved (Ismail, 2014; Sadeghalvaad and Sabbaghi, 2014) . More than 70% reduction in fluid loss was achieved when nanoparticles were blended with the drilling fluid (Zakaria et al., 2012) . The studies showed no sign of sagging or aggregation with nanoparticles in drilling fluids even after 6 weeks of setting at room temperature, therefore it is confirmed that no agglomeration or sagging takes place. Nano-TiO 2 possesses suitable thermal transition qualities in the drilling fluid (Cheraghian et al., 2013) . Nanofluid of CuO and ZnO in xanthan gum were compared with each other in water based drilling fluids (Williama et al., 2014) . It was found that both nanoparticles enhanced thermal and electrical conductivity of water based drilling fluids. CuO nanofluid is more resistant to high temperature and pressure condition than ZnO-based nanofluid.
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Advances of nanotechnologies in oil and gas industries Figure 4 . The thickness of a filter cake is dependent on the fluid loss or leak off into the formation. In ultralow permeability shale formations, almost no filter cake forms in the wellbore.
Cementing
The cementing in oil wells is to provide zonal isolation i.e., to restrict the fluids movement across different formations. Another equally important function is to support casing from loads induced during operation of the well. After setting, cement sheath should possess mechanical properties sufficient to withstand these loads and provide structural support and zonal isolation. Generally, nanomaterial can impart functionality into cements by enhancing a variety of different emergent properties, such as early strength development, increased long-term tensile-to-compressivestrength ratio, viscosity enhancement and overall increases in the early-stage compressive strength (Santra et al., 2012; Jo et al., 2014; Al-Jabri and Shoukry, 2014; Chuah et al., 2014; Essawy and Abd., 2014; Yuan et al., 2014) . Among all the nanomaterials, nanosilica is the most widely used material in the cement and concrete to improve the performance (Santra et al., 2012) . There are several possible mechanisms of action of nanosilica. Firstly, nanosilica particles were becoming entangled with the latex particles in slurry. This entanglement keeps nanosilica deaggregated and helps improve early strength. Secondly, the addition of nanosilica may accelerate the formation of C-S-H gel. The formation of the C-S-H phase takes place in the grain surface and the pore space which causes an acceleration of early cement hydration. Moreover, the nanosilica particles are believed to fill voids among the larger cement particles, resulting in a dense, solid matrix. With the right composition, the higher packing density results in a lower water demand of the mixture and it also contributes to strength enhancement due to the reduced capillary porosity. Patil and Deshpande (2012) studied the effect of nanosilica on mechanical properties of cement and found that it could enhance early strength and compressive strength of cement. The rheological properties of the cement slurries with nanosilica are slightly higher than the composition without nanosilica. Nanosilica also has a synergetic effect with other additives, such as retarder, fluid-loss additive, and so on (Patil and Kalgaonkar, 2012) . The compressive strength of cement paste containing 5% nanosilica was 64% higher than that of control cement paste at 1 day (Singh et al., 2012) . Pang et al. (2014) studied the use of different sizes and aspect ratios of nanosilicas as cement hydration accelerators under low-temperature conditions of 15 ˚C (Pang et al., 2014) , which are important cementing additives in deepwater wells where low temperatures can lengthen the wait-on-cement (WOC) time, potentially increasing the cost of operations. In regular-weight slurries, the effectiveness of nanosilica acceleration appears to be weaker than that of CaCl 2 , especially during early ages (< 3 days). In lightweight slurries, the effectiveness of nanosilica acceleration can be much stronger than that of CaCl 2 , especially when mid-to long-term properties (> 2 days) are considered. Smaller particle sizes and higher aspect ratios enhance the acceleration effect of nanosilicas. Lightweight cements accelerated with nanosilica displayed 7-day compressive strengths up to 136% higher than those accelerated with CaCl 2 .
Cement paste with nanosilica showed reduction in setting time, shortened duration of dormant and induction period of hydration, and a shorter amount of time to reach peak heat of hydration and increased production of calcium hydroxide at early ages (Senff et al., 2009; Madani et al., 2012) . The cement paste samples with 1% nanosilica showed a smaller C-S-H crystal size of 600nm, whereas the samples with 5% nanosilica showed the crystals of C-S-H in the order of 1.2µm (Stefanidou and Papayianni, 2012) . The composite of ordinary Portland cement (OPC), granulated blast-furnace slag (GBFS) and nanosilica (NS) cements containing 45 mass% of GBFS and 3-4 mass% of NS possess the highest improvement of mechanical properties, hydration kinetics and microstructure of hardened cement pastes and mortars (Heika et al., 2013) .
NANOTECHNOLOGIES FOR FLOW ASSURANCE
Flow assurance is very important to ensure the oil and gas flow through the pipeline. Flow assurance involves controlling the formation of solid deposits that block the pipeline, which include scale, paraffin, asphaltene, gas hydrates, etc. The nanotechnologies have been also used to control some of the solid deposits as discussed below.
Scale inhibition
There are often scale formations from downhole production tubing to surface waste water treatment facilities. The oilfield scale is formed due to the different water sources mixing and changes of pressure, temperature and pH.
In order to prevent scale formation, scale inhibitors are deployed by pumping scale inhibitor downhole through squeeze treatment. Squeeze lifetimes, and extension of such, are important for improving scale management. There are some researches trying to prolong the lifetime of a squeeze treatment by cross-linking inhibitors (Bache and Nilsson, 2000) , enhancing additive's precipitation and adsorption (Rabaioli and Lockhart, 1996) or applying kaolinite to modify near wellbore surface properties (Fleming et al., 2009) .
Recently, nanotechnology is being used to improve retention of inhibitor at the rock surface in the squeeze treatment. In general, nanoparticles as carrier of scale inhibitor can improve the performance due to the high surface areas of nanoparticles. The nanoparticles retard the scale crystal formation.
Ghorbani et al. investigated the adsorption of a common scale inhibitor polyphosphinocarboxylic acid (PPCA) onto a C-based nanoparticle (CBN), and found that adsorption of PPCA on nanomaterials is significantly higher than on various types of sands (Ghorbani et al., 2012) . Yan et al. developed crosslinked AlO (OH)-sulfonated polycarboxylic acid (SPCA) nanoinhibitors developed to increase the retention of SPCA in formations by converting liquid-phase polymeric scale inhibitors into a viscous gel. The results showed that the addition of Ca 2+ ions improves the squeeze performance of SPCA, and the normalized squeeze life (NSL) of such material (8,952 bbl/kg) was improved by a factor greater than 60 compared with that of SPCA alone (152 bbl/kg) (Yan et al., 2013; 2014) .
Film formation on quartz crystals suggests that different film structures can be created using the same organosilane molecule. Brine tests using single-crystal quartz coupons coated with organosilane indicate that calcium carbonate scale deposition can be reduced by 66% (Wu et al., 2012) .
Ca-DTPAMP nanoparticles were found to have a better inhibition scale than that of micro-sized and commercial DTPMP solutions (Kiaei and Haghtalab, 2014) . The nano-Ca-DTPMP inhibitors delay the precipitation of CaCO 3 , decelerate the Ca 2+ and pH reduction, and increase the final Ca 2+ concentration in the bulk solution. Hence, the nanoparticles interfere with the calcite crystals. Metal-phosphonate inhibitor nanoparticles can travel through the porous media by squeeze simulations and be deposited into the formation during a shut-in period. When production resumes, the inhibitor nanoparticles are dissolved into the produced fluid to prevent scale formation (Zhang et al., 2010; 2011) .
Paraffin inhibition
At reservoir conditions, the paraffin (wax) is in the solution in the crude oil. The change in the equilibrium conditions reduces solubility of the paraffin in the crude oil. Cooling during production is the most significant cause of paraffin precipitation. Paraffin depositions cause numerous problems and extra cost due to prevention and remediation, reduced or deferred production, well shut-in, pipeline replacements and/or abandonment and equipment failures. The traditional dewaxing techniques include hot-oil circulation process and mechanical scraping. In recent years, new treatment processes, such as nanotechnology and microbial paraffin remediation, were developed rapidly (Biswas et al., 2012) .
Haindade provided a new technique, which involves the use of Co-Ni nanoparticles along with an exclusive polymer to be pumped inside the annulus between production tubing and casing at the time of well commissioning (Haindade et al., 2012) . The nanoparticles remain suspended in the polymer filled inside the annulus throughout the life of the well. The application of magnetic field across the casing causes the nanoparticles to vibrate and get heated. This increase in temperature is transferred to the tubing by convection. The increase in temperature causes the wax to melt along the oil stream.
NANOCOMPOSITE FOR HARSH DOWNHOLE APPLICATION
Oil wells are typically drilled into the underground or subsea formations with depths of several thousand meters. The environment in these deep wells is very harsh, with temperatures reaching 250 ˚C or higher and pressures of 20,000 psi or higher. In addition, the downhole environment contains various small molecule gases and liquids. The abilities of these small molecules to penetrate or permeate through polymers or seals are greatly enhanced under the HPHT conditions. These conditions post great challenges to various tools and equipment that are used in drilling and exploring these wells, or are placed in the well during production. Many of these tools, pipes, and valves, including housings, sleeves, and seals, protect the inside components and prevent fluid leakages. These devices are required to survive the harsh environment for the duration of their expected service periods. Therefore, materials that can survive the high temperature and high pressure environment are needed for the construction of these oilfield elements, particularly materials that can provide effective barriers to fluid permeation or penetration. In recent years, the use of composite materials is gaining popularity. The composite materials typically comprise of additives mixed in matrix materials. The additives are selected for their ability to endow or enhance the desired properties of the composites (such as barrier to fluid permeation). Commonly used composites in the oilfield applications, for example, include polymer-based nanocomposites, polymer-organoclays and polymer-carbon nanotubes (CNT) composites. Nanoparticles can provide sealant compositions with improved mechanical properties after setting. For example, embodiments of the sealant compositions may have improved compressive strength, tensile strength, Young's modulus and Poisson's ratio.
Ito reported a novel sealing system based on MWNT (multi-walled nanotubes) and polymer nanocomposites, which could be used in the exploration and development of hotter, deeper reservoirs (Ito, 2012) . Fully dispersed nanoparticles and better bondings are two critical factors that enhance its mechanical properties. A novel sealing system was developed for HPHT reservoirs. After many successful field tests around the world, the new system was released for the oilfield. Welch et al. added nano-sized clay or one of several carbon-based nano materials into a simple polymerpolymer self-assembled systems and performed micrographic and scanning electron microscope analysis of standard coated substrates (Welch et al., 2012) . When applied to copper coupons it determined a 91% reduction of corrosion after four hours, 60% after 24 hours, and 13% after ninety hours in a hydrogen sulfide gas blend. Nanoengineered coatings applied to common oilfield elastomeric materials produce a 40x delay in swelling and a 73% decrease in transmission of carbon dioxide. Manohara et al. (2012) developed high-temperature tolerant "digital" vacuum electronics using carbon nanotubes (Manohara et al., 2012) . This technology is applicable to in situ sensor electronics for downhole applications where the operating environment is HTHP and has corrosive chemicals.
CONCLUSIONS
Nanomaterials show great potential in enhancing the performance in numerous areas of the oil and gas industry, such as enhanced oil recovery, fracturing fluids, flow assurance, drilling and completion, showing great potential. The future possibilities for nanotechnology in the petroleum industry include nanotech-based solutions for drilling in deep, HTHP environments, improved performance and reliability in tubular goods, corrosion management, selective filtration and waste management.
Although many achievements with nanomaterials have been made in laboratory conditions, serious challenges remain in field implementation for oil production. Many problems need to be solved before they can be widely applied in the oil and gas industry. In addition, most of nanoparticles are expensive to be economically used in the field applications. The impact of nanoparticles on the environment is also needed to be studied. The stain resistance, recovery and regeneration activity of nanoparticles in the reaction system are worth to investigate.
